. Moreover, aspects of the Homer2 KO phenotype were reversed by adeno-associtobeams that enabled simultaneous measurement of locomotor activity, and locomotor activity was moniated virus (AAV)-mediated restoration of Homer2b to the accumbens. These observations provide mechanistic tored when animals were confined to the cocaine-paired compartment. Similar to the data for place conditioning, insight into the neurochemical and molecular basis of cocaine addiction and suggest that alterations in the the capacity of acute cocaine to elicit locomotor hyperactivity was enhanced in both Homer1 KO ( Figure 1C ; function of Homer-dependent pathways increase susceptibility to cocaine addiction. Also, since Homer pathgenotype effect, p Ͻ 0.0001; genotype ϫ dose interaction, p ϭ 0.01, n ϭ 6-7) and Homer2 KO ( Figure 1D ; ways are dynamically responsive to environmental stimuli (Vazdarjanova et al., 2002) , these studies point to a genotype effect, p ϭ 0.002; genotype ϫ dose interaction, p ϭ 0.04, n ϭ 7-8) mice compared to their respective wt potential link between environmental stress and addiction (Koob, 2003; Shalev et al., 2002) . controls. The increased locomotor response to cocaine was not attributable to differences in basal locomotor activity, as no genotypic differences were observed for Results saline-injected mice in either experiment. The difference in cocaine-induced place preference and locomotor acHomer1 and Homer2 but Not Homer3 Deletion Sensitized Behavioral Responding to Cocaine tivity between the wt subjects in the Homer1 and Homer2 groups is likely due to each deletion being genTo determine whether deletion of the Homer1, Homer2, or Homer3 genes altered the conditioned rewarding and erated on different genetic backgrounds (see Experimental Procedures). locomotor stimulant effects of cocaine, a place conditioning study was conducted and the locomotor reIn contrast to Homer1 and Homer2 KO mice, when injected with a dose of cocaine (15 mg/kg, i.p.) that was sponse to an acute injection of cocaine was assessed. Both Homer1 KO ( Figure 1A ; genotype effect, p ϭ 0.008; intermediate to doses eliciting a maximum behavioral response in the Homer1 and Homer2 studies, the genotype ϫ dose interaction, p ϭ 0.06, n ϭ 6-8) and Homer2 KO ( Figure 1B ; genotype effect, p ϭ 0.0006; Homer3 KO mice exhibited equivalent cocaine place conditioning (occupancy difference, wt ϭ 240 Ϯ 46 s; genotype ϫ dose interaction, p ϭ 0.04, n ϭ 6-8) mice demonstrated significant cocaine-induced place condi-KO ϭ 266 Ϯ 45 s; p ϭ 0.64, n ϭ 6) and cocaine locomotor hyperactivity (beam breaks, wt ϭ 471 Ϯ 68; KO ϭ 473 Ϯ tioning at doses that did not elicit place conditioning in their respective wt controls (for Homer1, 10 mg/kg 98, p ϭ 0.99) as wt subjects. These data suggest that, unlike deletion of Homer1 or Homer2, deletion of cocaine; for Homer2, 0.5 mg/kg cocaine). Also, at the cocaine doses that elicited maximum place conditioning Homer3 does not convey increased sensitivity to cocaine and is consistent with a lack of Homer3 expression (for Homer1, 30 mg/kg; for Homer2, 10 mg/kg), the time spent on the cocaine-paired side was greater in KO mice in the nucleus accumbens (Xiao et al., 2000). 
Homer1 and Homer2 Deletion Facilitates
In addition to the nucleus accumbens, glutamate levels in the frontal cortex of Homer2 KO mice were examthe Effect of Cocaine upon Accumbens Glutamate Levels ined, and no genotypic differences were observed for The parallel in behavioral sensitivity to cocaine between rats withdrawn from repeated cocaine (Vanderschuren and Kalivas, 2000) and cocaine-naive Homer1 and Homer2 KO mice prompted an evaluation of neurochemical parallels in the regulation of extracellular glutamate and dopamine in the nucleus accumbens. Akin to the effect of repeated cocaine (Pierce et al., 1996; Baker et al., 2003), basal extracellular glutamate was ‫%05ف‬ lower in Homer1 KO (p ϭ 0.03, n ϭ 6-8) and Homer2 KO (p ϭ 0.0008, n ϭ 6-8) mice compared to their wt controls (Table 1) . Verification of basal extracellular content of glutamate using the no net flux microdialysis technique confirmed the reduction in accumbens basal extracellular glutamate content in Homer2 KO mice versus wt controls (Figure 2 ; wt, 7.51 Ϯ 1.61 M, n ϭ 6; KO, 4.33 Ϯ 1.19, n ϭ 5; p ϭ 0.05). Also akin to rats withdrawn from repeated cocaine (Baker et al., 2003; Reid and Berger, 1996) , in both the Homer1 and Homer2 KO animals, an acute cocaine injection (15 mg/kg, i.p.) produced an elevation (above baseline) in extracellular glutamate in the nucleus accumbens ( Figures 3A and 3D ). In contrast, acute cocaine injection either did not alter or decreased extracellular levels of glutamate in the nucleus accumbens of Homer1 or Homer2 wt controls, respectively. Normalizing for genotypic differences in basal extracellular glutamate clearly reveals the cocaine-induced increase in accumbens glutamate in both Homer1 KO mice ( Figure 3B ; genotype ϫ time, p ϭ 0.02) and Homer2 KO mice ( Figure 3E ; genotype ϫ time, p ϭ 0.006). either basal extracellular glutamate levels ( Figure 3C , genotype ϫ time, p ϭ 0.99; Homer2, Figure  3F , genotype ϫ time, p ϭ 0.94). Thus, in contrast to extracellular glutamate, Homer deletion did not mimic the effects of repeated cocaine administration on extracellular dopamine that were previously observed in rats (Vanderschuren and Kalivas, 2000) .
Intra-Accumbens Overexpression of Homer2b
Reverses the Cocaine Phenotype of Homer2 KO Mice To confirm an active role for Homer protein in the KO phenotype, wt and Homer2 KO mice were infused into the nucleus accumbens with an AAV carrying the Homer2b splice variant (Homer2b-AAV). Five weeks following AAV microinjection, substantial transduction up to 1 mm beyond the site of microinjection was revealed ( Figure  4A ). Relative to eGFP-AAV-treated mice, Homer2b-AAV infusion reversed the genotypic differences between Homer2 KO and wt mice in the capacity of 5 mg/kg cocaine to induce place conditioning (genotype ϫ (A) Mice were trained to lever press for sucrose (15%) using an FR1 schedule of reinforcement. Data were normalized to the average total number of reinforcements achieved by wt in sessions 5 through 7, and each genotype was analyzed with a separate two-way ANOVA with repeated measures over session, followed by an LSD post hoc comparison. n Ն 6 for each group. (B) Homer2 deletion caused a more rapid acquisition of cocaine self-administration. Data are shown as mean Ϯ SEM number of days to reach criterion for stable self-administration (see Experimental Procedures) (n Ն 6 at each dose). Data were analyzed using a two-way ANOVA. ϩ p Ͻ 0.05, KO versus wt. Figure 7A ; genotype ϫ trial, p ϭ 0.86, n ϭ 6C). While no genotypic difference in total protein content for the mGluR5 dimer was measured (wt, 100 Ϯ 6-8) or for the recall of the platform location at 24 hr (wt, 21.0 Ϯ 8.5; KO, 25.3 Ϯ 6.2 s; p ϭ 0.80) or 1 week 6.5; KO, 109.0 Ϯ 13.9, mean percent change from wt Ϯ SEM; p ϭ 0.57, n ϭ 8-9), the amount of mGluR1␣ dimer (wt, 18.3 Ϯ 4.9; KO, 21.2 Ϯ 6.6 s; p ϭ 0.67) following acquisition of the task. Also, no genotypic differences was reduced by ‫%52ف‬ in KO mice (wt, 100 Ϯ 8.3; KO, 76.7 Ϯ 7.3; p ϭ 0.05, n ϭ 8-9). Immunoblotting also were observed in the number of working or reference memory errors in the radial arm maze (working memory revealed reduced levels of xCT in Homer2 KO versus wt mice (wt, 100 Ϯ 11.4, n ϭ 6; KO, 66.5 Ϯ 11.2, n ϭ 7; errors: genotype ϫ session ϫ trial, p ϭ 0.51; reference memory errors: p ϭ 0.22, n ϭ 12; data not shown). As p ϭ 0.034). Given that two proteins related to excitatory neurotransmission were affected by Homer2 deletion, additional evidence for a lack of genotypic differences in learning, both KO and wt mice demonstrated equivalent immunoblotting of additional glutamate receptor proteins in the accumbens was conducted. No significant acquisition of cocaine discrimination (days to reach discrimination criterion: wt, 39.9 Ϯ 7.3; KO, 39.8 Ϯ 11.1; genotypic effect was measured in GluR1 (wt, 100 Ϯ 9.6, n ϭ 9; KO, 82.3 Ϯ 8.4, n ϭ 8; p ϭ 0.77), NR1 (wt, 100 Ϯ p ϭ 0.99, n ϭ 9). A dose of 7.5 mg/kg cocaine was chosen as a dose midway between two doses showing 12.1, n ϭ 9; KO, 97.4 Ϯ 10.4, n ϭ 8, p ϭ 0.87), NR2A (wt, 100 Ϯ 9.6, n ϭ 9; KO, 82.3 Ϯ 8.4, n ϭ 8, p ϭ 0.19), augmented motor activity in Homer2 KO mice ( Figure  1D ). Once animals were trained to discriminate cocaine or NR2B (wt, 100 Ϯ 9.8, n ϭ 8; KO, 89.7 Ϯ 11.7, n ϭ 8). Of note, NR2 has been shown to coimmunoprecipitate from saline, the shape of the cocaine dose discrimina-fect, p ϭ 0.02), the levels of experimenter-directed aggression in a reactivity to handling test were the same between Homer2 KO and wt mice (reactivity scores: wt female, 1.57 Ϯ 0.53; KO female, 1.00 Ϯ 0.37; wt male, 2.00 Ϯ 0.37; KO male, 3.44 Ϯ 0.80; genotype effect, p ϭ 0.46; genotype ϫ gender, p ϭ 0.09, n ϭ 12). The lack of distinction between KO and wt mice in the preconditioning and experimenter-directed aggression tests indicates no effect by Homer2 deletion in responding to stressful stimuli. To determine if the effects of Homer2 deletion may generalize to other drugs of abuse, genotypic differences in the locomotor response to heroin (100 g/kg), phencyclidine (3 and 6 mg/kg), and caffeine (10 mg/kg) were assessed. Behavior was analyzed for 2 hr using a 16 photocell activity apparatus, and as found in the conditioned place preference apparatus (Figure 1D to gene deletion-induced alterations in neurotransmission, in vivo The apparatus employed in the cocaine self-administration study microdialysis was performed prior to, and following, a challenge was identical to that described for the sucrose study above, with the injection of cocaine (15 mg/kg, i.p.) in Homer KO and wt mice. Under exception that the nose-poke hole was covered. Self-administration pentobarbitol anesthesia (50 mg/kg, i.p.), naive mice were implanted was conducted during daily 2 hr sessions during the light cycle unilaterally with a 20 gauge stainless steel guide cannula (7 mm beginning at 1300 hr. For these sessions, intravenous drug infusions long) aimed 3 mm above the nucleus accumbens (AP, ϩ0.5 mm; were delivered through an infusion apparatus that was housed ML, Ϯ 0.5 mm; DV, Ϫ3.5 mm, relative to bregma) or the frontal within the sound-attenuated chamber, which consisted of a liquid cortex (AP, ϩ1.34 mm; ML, Ϯ 0.6 mm; DV, Ϫ2.0 mm, relative to swivel (Instech, Plymouth Meeting, PA) and a syringe mounted on bregma) (Franklin and Paxinos, 1997), and the guide cannula was an infusion pump (MedAssociates). Tygon microbore tubing (Norton fixed to the skull using dental resin as previously described (GrosePerformance Plastics, Akron, OH) connected the components of close et al., 1998). Following 5-7 days recovery, a microdialysis the infusion apparatus to each other and to the exit port of the probe (24 gauge; 10 mm in length, including 1-1.5 mm of active mouse's catheter. membrane) was lowered into the guide cannula and perfused with a microdialysis buffer (5 mM glucose, 2.5 mM KCl, 140 mM NaCl, 1.4 mM CaCl 2 , 1.2 mM MgCl 2 , 0.15% phosphate-buffered saline [pH Acquisition of Cocaine Self-Administration 7.4]) at a rate of 2 l/min as described previously for C57BL/6 mice Mice were trained to press the right lever for infusions of cocaine in the statistical analysis of the data.
Homer2 Deletion Selectively Enhances Operant

